We demonstrate a high granularity multi-well solid-state detector with the here is the ability to reach the intrinsic physical limit for detector pulse speed by 6 transitioning from the slow transit-time-limited response which depends on the 7 bulk carrier transport mechanism, to the ultrafast dispersion-limited response 8 which depends on the spatial spreading of the collected carrier packet. 
Soon after the Nobel prize winning invention of the gas-filled multiwire proportional cham-ber (MWPC) by Charpak [1] , and parallel to developments in microelectronics, a great deal 11 of research was stimulated to develop the highest granularity [2] gaseous detectors for achiev-transit of photoinduced carriers in the MWSD using time-of-flight (TOF) transient photo-
23
conductivity measurements and show time-differential responses to optical laser and x-ray 24 excitations.
25
Let's consider a medium within which a single drifting excess carrier is contained. cording to the Ramo-Shockley theorem [5] , the induced current on the collector due to carrier 27 displacement inside the medium is given as
where q is the charge of the moving carrier, µ is the effective carrier mobility inside the 29 medium, F is the applied external field, V W is the weighting potential [6] , and z is the carrier 30 displacement during time t which is z = µF t. Note that the conceptual V W is dimension-31 less and is the potential that would exist in the detector with the corresponding collecting 32 electrode raised to unity and all other electrodes grounded.
33
Conventionally, a planar photoconductive material is fitted between two parallel contacts to form a sandwich cell: one is the drift electrode that is kept at a certain potential, V D , with
35
proper polarity and magnitude, and the second is the collecting electrode (or the collector)
36
that is generally biased at zero potential and connects to the readout electronics for signal 37 capture. The weighting potential for these parallel plate detectors (PPDs) is zero at the 38 drift electrode and rises linearly to one at the collector (dashed line in Fig. 1 ). According
39
to Eq. 1, such distribution means that the collector is sensitive to real-time bulk transport,
40
and thus, pulse response is limited by the carrier transit-time, t T , across the photoconductor 41 thickness, L (top inset plot in Fig. 1 )
where H(t) is the Heaviside step function and t T = L/µF for an excess carrier drifting across 
48
Now consider a new device with its weighting potential at zero everywhere in the bulk 49 except for a very small region near the collector where it rises sharply to one (solid line in 50 Fig. 1 ). In this case, the induced photocurrent due to a single carrier drift is an impulse
51
(bottom inset plot in Fig. 1 ) and (2) establishing a strong near-field effect in the immediate vicinity of the collector using 69 an electrostatic shield. The near-field effect can be established with either a direct approach 70 using the Frisch grid design [7, 8] or the small-pixel effect [6] , or an indirect approach using the 71 coplanar pixel electrodes [9] .
72
Inspired by Charpak's MWPC [1] and its micropattern variants [7, 8] , we have fabricated a 73 solid-state detector with an internal electrostatic shield using grid-on-insulator (GOI) and 74 a-Se film evaporation techniques [4] . The proposed device is called the multi-well solid-state However, we have limited the build-up of this surface space charge using low-level excitation 81 for a rested specimen, and thus, space charge perturbation is minimized.
82
The weighting potential distribution of the fabricated device is simulated in Fig. 2c which   83 shows a very small change in V W in the region between the drift electrode and the grid 84 (i.e., the interaction region). However, V W changes substantially inside each well in the 85 region between the grid and the collector (i.e., the detection region). Similar to the Frisch 86 gas chambers [7, 8] and the coplanar detectors [9] , we must bend the electric field lines in the 87 drift volume close to the grid so that all primary carriers are steered away from the grid 88 and channeled inside the well towards the collector. Thus, we define the field bending ratio 
92
We used the time-of-flight (TOF) transient photoconductivity measurements [10, 11, 12, 13] sality of the photocurrent is not applicable and the propagating carrier packet experiences 105 spreading which is described by Gaussian statistics [14] , where the position of the peak of 106 carrier distribution coincides with its spatial mean (Fig. 3a) . This spreading is mainly due 107 to fluctuations of the shallow-trap release time and, in the small-signal case [15] , we can ne- σ D /ℓ ∝ t −1/2 (Ref. [14] ).
112
For optical TOF experiments, we used a VSL337 dye laser tuned to 337 nm wavelength
113
(for strong absorption in a-Se) and 5 ns pulse duration (for impulse-like excitation). Figure   114 3b shows non-dispersive hole photocurrent transients in a-Se. The result obtained from 115 the PPD shows a semi-rectangular pulse with a soft plateau, due to inhomogeneous field 29 in Ref. [16] ), signifies the ability to reach the intrinsic physical limit for pulse speed in 121 non-dispersive solids.
122
For high energy penetrating radiation, photon interaction can occur throughout the bulk
123
which results in depth-dependent signal waveform variations in PPDs [6] . However, sig-124 nal waveforms are depth-independent and unipolar in the MWSD because only holes drift 125 through the multi-well and are sensed by the collector. Thus, the detector pulse speed is 126 improved substantially by a factor of n ≤ (L/4σ)(µ + /µ − ), where the first term is due to relation σ R ∝ E 2 in a-Se [17] , where E is the energy of the absorbed x-ray photon. For x-137 ray excitations, we used an XR200 pulsed source tuned to 150 kvP (for a nearly uniform 138 charge-cloud generation density across the photoconductor thickness), 3 mR exposure (for 139 maintaining the small-signal case), and 60 ns pulse duration (for impulse-like excitation).
140
The measured time-resolved transients in Fig. 4 show a linear decay (i.e., triangular response)
141
for the conventional PPD due to carrier neutralization at the collector (or in our case, carrier 142 immobilization at the Se-PI interface), and a nearly constant response (i.e., rectangular) for of this spike is larger for the MWSD because of its higher field in the detection region ( Fig.   151 4 with the top-right axes).
152
An important non-ohmic effect in disordered solids may occur in the presence of a strong 153 field with the transport mechanism shifted from localized states into extended states where 154 the mobility can be 100 to 1000 times higher [18] . Such hot carriers in extended states (with 155 mobilities near the mobility edge) can gain energy faster than they lose it to phonons, and 156 thus, avalanche due to impact ionization is possible (e.g., hot holes in a-Se [19] in contrast to avalanche in large-area direct radiation detectors, where the low-field interaction region can 165 be made as thick as necessary to stop high-energy radiation, and the high-field multi-well 166 detection region can be optimized for avalanche multiplication.
167
In conclusion, we have designed, fabricated, and characterized a high granularity multi-168 well solid-state detector which achieves ultrafast unipolar time-differential pulse response.
169
It is important to remark that we were able to reach the physical limit of pulse speed in medical diagnostics and crystallography [22, 23] . Furthermore, advances in nano-electronics can with applications in optical communications [24] and time-domain spectroscopy [25] .
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